Conduct disorder (CD) is a moderately heritable psychiatric disorder of childhood and adolescence characterized by aggression toward people and animals, destruction of property, deceitfulness or theft, and serious violation of rules. Genome-wide scans using linkage and association methods have identified a number of suggestive genomic regions that are pending replication. A small number of candidate genes (e.g., GABRA2, MAOA, SLC6A4, AVPR1A) are associated with CD related phenotypes across independent studies; however, failures to replicate also exist. Studies of gene-environment interplay show that CD genetic predispositions also contribute to selection into higher-risk environments, and that environmental factors can alter the importance of CD genetic factors and differentially methylate CD candidate genes. The field's understanding of CD etiology will benefit from larger, adequately powered studies in gene identification efforts; the incorporation of polygenic approaches in gene-environment interplay studies; attention to the mechanisms of risk from genes to brain to behavior; and the use of genetically informative data to test quasi-causal hypotheses about purported risk factors.
Introduction
Conduct disorder is a psychiatric disorder of childhood and adolescence characterized by aggression toward people and animals, destruction of property, deceitfulness or theft, and serious violation of rules. The worldwide prevalence of conduct disorder is 3.2% (Canino et al., 2010) and was responsible for more than 5.75 million years of healthy life lost according to the Global Burden of Disease Study 2010 (Erskine et al., 2014) . The impact of the disorder reaches far beyond the personal and financial costs incurred by affected children/adolescents and their families. For example, in the United States, the estimated public cost in terms of mental health, general health, education, and juvenile justice services for a child diagnosed with conduct disorder exceeds 70,000 USD over a 7-year period (Foster and Jones, 2005) .
Understanding the etiology of conduct disorder is central to the goal of developing effective prevention and intervention efforts aimed at reducing its global burden. Familial factors have long been implicated in conduct disorder (Costello and Angold, 2001 ). The field of behavioral genetics has attempted to formalize these initial observations by disentangling the degree to which those familial influences can be ascribed to genetic or environmental factors. Our goal here is to provide an overview of this area of research. We begin with a summary of the latent genetic studies of conduct disorder and conduct disorder clinical criteria, which permit an estimation of the degree to which genetic and environmental influences contribute to variation in outcomes. Next, we review efforts to identify specific, measured genes associated with conduct disorder, ranging from candidate gene approaches to genome-wide scans of conduct disorder and related behaviors. We then turn to the study of geneenvironment interplay for conduct disorder. Understanding how environmental risk and protective factors interface with genetic predispositions to predict conduct disorder is a particularly active, albeit controversial, area of research. Lastly, we close with a discussion of four key ways to move this area of research forward in the future.
There have been many genetically informed studies of conduct disorder and related/component behaviors such as aggression, externalizing behavior, psychopathy, and callous-unemotional traits. Accordingly, our review is selective rather than exhaustive. To the extent possible, we focus on genetically informed studies that are consistent with the Diagnostic and Statistical Manual Revised Third Version and Fourth Version (DSM-III-R and DSM-IV) (American Psychiatric Association, 1987 ) definition of conduct disorder as "a repetitive and persistent pattern of behavior in which the basic rights of others or major age-appropriate societal norms or rules are violated." Conduct disorder diagnoses are typically given to individuals under 18 years of age; accordingly, we focus on studies of conduct disorder in individuals < 18 years. We note, however, that research on the molecular genetics of conduct disorder is still in its infancy, and there are very few studies of conduct disorder according to the strict DSM criteria. Thus, in our review of gene identification efforts for conduct disorder we opted to include larger scale meta-analytic findings of phenotypes closely related to conduct disorder, including aggression and antisocial behavior.
Heritability of conduct disorder: twin studies
Most behavioral outcomes have some degree of genetic influence (Polderman et al., 2015) , and conduct disorder is no exception. Conduct and related externalizing disorders (e.g., substance use and abuse) are among the most active areas of behavioral genetic research. In view of this, there are already several excellent reviews of the heritability of conduct disorder and broadband antisocial behavior (Burt, 2009; INSERM Collective Expertise Centre, 2005; Polderman et al., 2015; Rhee and Waldman, 2002) . We provide highlights from this literature, where samples of twins are often used to estimate heritability. Twin studies permit the partitioning of latent genetic and environmental influences via comparison of the phenotypic correlations of monozygotic (MZ) and dizygotic (DZ) twin pairs. Additive genetic, shared environmental, and nonshared environmental influences can be estimated owing to the fact that both types of twins are exposed to the same rearing environment, but that MZ twins share all of their genetic variation, while DZ twins share half of their genetic variation, on average. Shared environmental influences refer to experiences or events that both twins experience that make them more similar (e.g., growing up in the same neighborhood). Non-shared environmental influences refer to experiences or events that one individual experiences, but not his/her co-twin (e.g., having different friends). When the MZ correlation for a variable is larger than the DZ correlation, this suggests that there are genetic influences. When the DZ correlation for a variable is approximately half of the MZ correlation or lower, this suggests that there are no shared environmental influences. Finally, when the DZ correlation for a variable is more than half of the MZ correlation, this suggests the presence of shared environmental influences.
In a quantitative review of twin studies from the past fifty years, Polderman et al. (2015) report that ∼50% of the variance in conduct disorder (broadly measured with over 200 phenotypes in 147,974 monozygotic twin pairs and 192,651 dizygotic twin pairs) is attributable to additive genetic influences. Interestingly, and in contrast to other disorders on the externalizing spectrum (Krueger et al., 2002) , the results from this meta-analysis also suggest that shared environmental factors account for a significant (14%) proportion of the variance in conduct disorder (Polderman et al., 2015) . To focus more narrowly on conduct disorder, we also present heritability estimates obtained from large-scale (n > 1000) population and community-based twin studies that have used reliable and valid measures of conduct disorder symptomatology or diagnoses according to DSM-III-R or DSM-IV criteria. Analyses in community and population-based samples are more likely to provide unbiased estimates of heritability compared to clinically ascertained samples, where affected individuals are over-represented. Conduct disorder is relatively common, and thus there is sufficient variation to provide reliable estimates of its heritability in population and community-based samples. Table 1 summarizes the standardized variance component estimates for genetic, shared environmental, and non-shared environmental influences (i.e., h 2 , c 2 , and e 2 , respectively) on conduct disorder. These studies are quite consistent in showing that genetic influences account for a modest to moderate amount of the variance in conduct disorder. In one large study of 5600 individuals from male-male and female-female twin pairs who were ascertained from a population-based registry, there was also evidence that common environmental factors accounted for a significant (32%) proportion of the variance in conduct disorder (Kendler et al., 2003) mirroring the results of the Polderman et al. (2015) meta-analysis of broad conduct disorder phenotypes.
Oftentimes twin studies are conducted using data collected at a single assessment in order to estimate the degree to which genetic and environmental influences account for variation in a behavior or trait. However, it should be noted that heritability estimates are not static, and can change over time. This is especially important to consider for a behavior like conduct disorder, for which there is some evidence for differences across development (Loeber et al., 2000; Moffitt, 1993) . This raises two potential questions from a genetic perspective: First, does the degree to which genetic influences account for variance in conduct disorder change across time; and second, are the genes that contribute to conduct disorder earlier in Table 1 Summary of the standardized variance component estimates for genetic, shared environmental, and non-shared environmental influences (i.e., h 2 , c 2 , and e 2 , respectively) on conduct disorder phenotypes in community and population-based twin samples. childhood/early adolescence the same as those that contribute to conduct disorder later in adolescence? Using retrospective data collected on 2580 complete twin pairs from the population-based Virginia Adult Twin Study of Psychiatric and Substance Use Disorders sample, Jacobson et al. (2002) found that the heritability of DSM-III-R conduct disorder symptomatology increases between childhood (<15 years) and adolescence (15-17 years) for both males (h 2 = 0.06 and 0.41, respectively) and females (h 2 = 0.29 and 0.50, respectively). Furthermore, they found overlapping and unique genetic influences on conduct disorder symptomatology in childhood and adolescence. These findings provide evidence that the genetic influences on conduct disorder increase over time, and that this increase in heritability is in part due to genetic innovation, or new genes coming "online" to influence conduct disorder across development.
There is mixed evidence regarding qualitative and quantitative sex differences in the heritability of conduct disorder. Quantitative sex differences refer to differences in the degree to which genetic influences account for variance in a phenotype in males and females, and qualitative sex differences refer to the degree to which the genetic influences on a phenotype overlap for males and females . Some have reported no significant quantitative sex differences (Gelhorn et al., 2005) ; however, others have reported significant qualitative or quantitative sex differences. In a population-based US twin sample, Jacobson et al. (2002) found evidence of quantitative sex differences, such that genetic influences for conduct disorder were more pronounced for females compared to males in childhood but not adolescence. However, they did not find evidence for qualitative sex differences. The absence of qualitative sex differences suggests that the genes that influence conduct disorder in males are the same genes that influence conduct disorder in females. In contrast, in a population-based Australian twin sample, Meier et al. (2011) found that a model that allowed the genetic influences on conduct disorder to vary between males and females fit better than a model that constrained the sources of genetic variance to be equal, suggesting evidence of qualitative sex differences. However, they did not find any evidence for quantitative sex differences. Accordingly, questions remain regarding whether and how genetic influences on conduct disorder may differ between males and females.
It is worth noting that the heritability estimates of conduct disorder reviewed here are at the aggregate symptom level. At the phenotypic level, researchers have distinguished between aggressive and non-aggressive subtypes of conduct disorder (Loeber et al., 2000) , raising the question of the degree to which these subtypes are heritable and have distinct or overlapping genetic etiology. According to a meta-analysis of clinical and non-clinical measures of antisocial behavior, the heritability of aggressive behavior (h 2 = 0.65) is higher than the heritability of non-aggressive rulebreaking antisocial behavior (h 2 = 0.48) (Burt, 2009) . With respect to DSM-oriented studies of conduct disorder, in a community sample of 1100 adolescent twin pairs, both the aggressive and non-aggressive domains were moderately heritable (49% and 55%, respectively) (Gelhorn et al., 2005) . The phenotypic correlation between these domains was moderate (r = 0.32), and genetic influences accounted for a large proportion (61%) of the phenotypic correlation between aggressive and non-aggressive DSM-IV criteria (Gelhorn et al., 2006 ). However, criterion-level heritability analyses indicated that specific DSM-IV conduct disorder criteria (e.g., truancy) showed little to no heritability but rather high levels of shared environmental influence (Gelhorn et al., 2005) . Exploratory twin models similarly show that there are distinct etiological influences on conduct disorder criteria. For example, a series of multivariate twin models of DSM-III-R conduct disorder criteria in a sample of male-male twin pairs found evidence for two genetic factors, one shared environmental factor, and one nonshared environmental factor (Kendler et al., 2013) . The first genetic factor included items related to rule-breaking (truancy, running away, and telling lies), and the second genetic factor included items related to overt aggression (hurting people and fighting). Thus, both hypothesisdriven and data-driven approaches suggest that conduct disorder has a complex genetic architecture, meaning that there are multiple sources of genetic influence on the various behaviors that are encompassed in conduct disorder diagnoses.
Thus far, we have presented the results of univariate biometric analyses of conduct disorder. However, it is well known that conduct disorder is often correlated with other types of disinhibitory behavior, including substance use. For example, conduct disorder diagnoses in early adolescence are associated with increased odds of DSM-IV nicotine dependence, alcohol abuse/dependence, and cannabis abuse/dependence diagnoses by age 18 (OR = 4.75-5.43) (Elkins et al., 2007) . Multivariate behavioral genetic studies, which permit examination of the degree to which genetic and environmental influences contribute to covariance among multiple phenotypes, suggest that genetic factors account for the majority of the covariance among externalizing disorders (Kendler et al., 2003; Krueger et al., 2002; Slutske et al., 1998; Young et al., 2000) . In one example of this from the population-based Minnesota Twin Family Study, conduct disorder, adult antisocial behavior, alcohol dependence, drug dependence, and low levels of constraint loaded onto a single, highly heritable (h 2 = 0.81) additive genetic factor (Krueger et al., 2002) . Of note, there were no unique genetic influences on conduct disorder. Rather, the additive genetic influences on conduct disorder were completely overlapping with the higher-level externalizing genetic factor. Multivariate analyses of externalizing psychopathology in other population-based samples similarly find evidence that these disorders share a single, highly heritable genetic factor (Kendler et al., 2003; Young et al., 2000) . Thus, the genetic influences on conduct disorder broadly predispose individuals to a range of disinhibitory behaviors, rather than conduct disorder in particular.
Three general conclusions can be gleaned from this overview of the twin literature on conduct disorder. First, familial influences account for much of the variance in conduct disorder. At the aggregate level, there are moderate levels of genetic and shared environmental influence on conduct disorder symptomatology and diagnoses; however, for individual clinical DSM-IV criteria there is variation in the relative influence of genetic and environmental factors. Second, the heritability of conduct disorder increases over time, and is attributable, in part, to new genetic influences that emerge across development. Third, conduct disorder shares genetic influences with other forms of disinhibitory behavior, and does not have unique genetic influences. These general principles from latent genetic studies of conduct disorder have implications for efforts to identify its measured genetic variants.
Gene identification efforts for conduct disorder
Latent genetic studies conducted in multiple samples have produced a number of findings that begin to add to our understanding of the genetic architecture of conduct disorder. In what follows, we trace efforts to identify the specific genes associated with conduct disorder. Conduct disorder is a complex trait, meaning that many genes and genetic variants contribute to the phenotype. We group these efforts into approaches that are largely hypothesis free (e.g., linkage and high-throughput association analyses) and those that are more hypothesis driven (e.g., candidate gene approaches). Although we provide a historical overview of many of the methods used to identify genes associated with conduct disorder, we put a particular emphasis on approaches that are consistent with the current state of the science for identifying genetic variants for complex traits.
Hypothesis-free approaches
Hypothesis-free approaches to gene identification scan the entire genome for regions or variants for possible association with a trait or behavior of interest. This approach is hypothesis-free in that all regions of the genome are examined, without any a priori hypotheses about where relevant genes may reside. Systematic scans of the genome using both linkage and association-based methods have been used in attempts to identify genetic regions and variants associated with conduct disorder.
Linkage
In linkage analysis, patterns of inheritance for genetic markers across the genome are examined in families. Statistical genetic probabilities about allele sharing and the concept of "identical by descent" (IBD) are the basis for this analysis. For example, when siblings inherit the same marker allele from the same parent, that allele is said to be IBD. When a marker is near a gene that influences a phenotype of interest, then siblings who are more similar to one another on that phenotype are expected to share more IBD marker alleles. Likewise, siblings who are less like one another on that phenotype are expected to share fewer IBD marker alleles. A "linkage peak" is an indication that a particular section of a chromosome co-segregates with the trait within families. The degree to which this co-segregation deviates from chance is quantified using a logarithm base 10 of odds (lod) score. Typically, lod scores of 2.2, 3.6, and 5.4 are considered the cutoffs for evidence of suggestive, significant, and highly significant linkage for genetically complex (i.e., multifactorial) behaviors and traits (Lander and Kruglyak, 1995) .
The first linkage analysis of conduct disorder diagnoses came from the Collaborative Study on the Genetics of Alcoholism (COGA; Begleiter et al., 1995; Dick et al., 2004) . In total, 2282 participants from 262 families densely affected with alcoholism were genotyped on 336 markers that were 10.5 cM apart, on average. Nonparametric linkage analysis identified regions of interest (defined in this study as lod ≥1.5) on chromosomes 2, 3, 12, and 19. The region identified on chromosome 2 was also identified in linkage studies of alcohol dependence and suicidality in the same sample (Foroud et al., 2000; Hesselbrock et al., 2004) and suicidality in other samples (Willour et al., 2007; Zubenko et al., 2004) , which is notable in view of the genetic correlation between conduct disorder and other disorders characterized by disinhibition (Kendler et al., 2003; Krueger et al., 2002; Slutske et al., 1998; Young et al., 2000) .
Other linkage analyses of conduct disorder include analyses of DSM-III-R (American Psychiatric Association, 1987) and DSM-IV (American Psychiatric Association, 1994) conduct disorder criterion counts in a clinically ascertained sample of adolescent probands affected with substance abuse and delinquency and their siblings (249 proband-sibling pairs from 191 families genotyped on 374 markers; Stallings et al., 2005) , and a linkage analysis of 733 sibling pairs in the Irish Affected Sib Pair Study of Alcohol Dependence (IASPSAD; genotyped on 1020 markers; Kendler et al., 2006) . In the clinically ascertained sample of adolescents, evidence of linkage (lod > 1.26) was found for regions on chromosomes 9, 3, and 17. In the IASPSAD, the strongest evidence for linkage (defined as lod >2.0) was found for regions on chromosomes 1 and 14, with additional evidence for linkage on chromosome 2 (lod = 1.12) near the genomic region identified in the COGA study . Finally, in another linkage study of conduct disorder in a sample of 616 individuals from 18 families densely segregating highly comorbid ADHD and CD were genotyped on approximately 400 markers that were 9 cM apart, on average. Linkage analysis identified regions of interest (defined as non-parametric linkage scores >2.0) on chromosomes 4, 12, 14, and 17 (Jain et al., 2007) .
Linkage studies were the earliest method for scanning the genome to narrow the search for genes involved in complex outcomes. As the findings reviewed above indicate, few regions reach conventional thresholds for suggestive or significant linkage, and there is little consistency among the regions identified across samples, with the exception of the region on chromosome 2 identified in COGA with suggestive evidence of replication in IASPSAD. The limited success of linkage studies for conduct disorder likely reflects multiple factors. Most notably, linkage methods are well suited for finding genes of large effect size and have thus had the greatest success in identifying genes for monogenic disorders rather than genes for complex disorders, which typically involve many genes of more modest effect (Bush and Haines, 2010) . In view of the modest effect sizes expected for genes implicated in conduct disorder, these early linkage analyses were likely underpowered.
Association
In association analyses, genetic variants are examined for whether a particular version or versions increase risk for a phenotype. There are many different types of genetic variation, including single nucleotide variation and structural variation (e.g., insertions, inversions, deletions, duplications, and copy-number variants). Single nucleotide polymorphisms (SNPs), which are single-nucleotide substitutions of one base (adenine, thymine, guanine, or cytosine) for another, are the most common type of genetic variation. Hypothesis-free association analyses can be used to finemap an area of interest identified through linkage to more precisely locate the source of a genetic signal. In an example of this from the COGA sample, chromosome 2-for which there was earlier evidence of linkage to alcohol dependence (Foroud et al., 2000) , conduct disorder , and suicidality )-was fine-mapped for association using a combined phenotype of alcohol dependence with conduct disorder or suicidality (Dick et al., 2010) . In total, 23 genes on chromosome 2 were associated with this combined phenotype.
At present, high-throughput genome-wide association study (GWAS) methods are the most common hypothesis-free approach to genetic association. Like linkage, GWAS provides systematic coverage of the genome, without a priori hypotheses about where causal variants are likely to be located. The basic question in an association study is whether individual differences in a phenotype correspond to allele differences in a SNP. In a GWAS, hundreds of thousands to millions of SNPs are tested for association in this way. To date, gene identification efforts for complex traits have been notoriously difficult, and it is becoming increasingly clear that large sample sizes are required.
There have been two GWAS of conduct disorder that have identified suggestive association signals. In an early example of this, a family-based association test of clinical and subclinical conduct problems in 958 ADHD affected proband-parent trios found evidence for association meeting a suggestive significance level of P <= 1 × 10 −5 in nine genes, including A2BP1, c12orf28, FLJ39061, KIRREL3, LOC729257, PAWR, PKD1L2, PKD1L3, and RGL1 (Anney et al., 2008) . In the Study of Addiction: Genes and Environment (SAGE) sample, a GWAS study of retrospectively reported DSM-IV conduct disorder criterion counts in 3963 individuals identified four SNPs (on chromosomes 4, 11, and 13) that met a genome-wide significance level of P < 5 × 10 −8 (Dick et al., 2011) . A subsequent attempt to replicate these four SNPs with a non-diagnostic antisocial behavior phenotype in a community sample of 4816 individuals did not reach nominal significance (P < 0.05) (Tielbeek et al., 2012) . In a related analysis, the Early Genetics and Lifecourse Epidemiology (EAGLE) consortium conducted a GWAS meta-analysis of aggressive behavior in 18,988 children and adolescents and found suggestive evidence (P = 5.30 × 10 −8 ) for SNP rs11126630, located on chromosome 2 between genes LRRTM4 and SNAR-H (Pappa et al., 2015) .
The studies reviewed thus far have focused on genetic variation in common SNPs, where the frequency of the minor allele is typically greater than 1%. Other forms of genetic variation may also contribute to the heritability of conduct disorder. In particular, there has been a growing interest in variants that are likely to be highly deleterious (and thus rare, with a minor allele frequency of less than 1%) located in the exome, which is the protein-coding portion of the genome. There are now cost effective methods to conduct systematic tests of association for rare variant exonic SNPs. Although there has not yet been a rare variant association study of conduct disorder diagnoses or symptom counts, there has been a study of a closely related behavioral disinhibition phenotype, which included antisocial and dissocial behaviors. In a sample of 7181 individuals, approximately 100,000 rare (minor allele frequency <0.05) non-synonymous exonic SNPs were examined for association with the behavioral disinhibition phenotype (Vrieze et al., 2014) . In aggregate, these SNPs accounted for 14% of the variance in behavioral disinhibition (p = 0.05). However, no significant associations emerged from SNP and gene-based burden tests of association.
Hypothesis-driven approaches
In addition to data-driven linkage and association approaches, investigators have also applied a top-down approach to first specify the likely location of genes or variants of interest, and then carry these forward to examine their association with conduct disorder. In the following sections, we describe two of these approaches.
Candidate genes identified from studies of genetically correlated behaviors
Twin studies have shown that conduct disorder shares genetic influences with other externalizing disorders, including alcohol and other substance use disorders (Kendler et al., 2003; Krueger et al., 2002; Slutske et al., 1998; Young et al., 2000) . This suggests that there are likely to be some genes that have pleiotropic effects, meaning that one gene may be associated with multiple externalizing disorders. Researchers have capitalized on this shared genetic architecture in analyses that examine whether genes identified for other externalizing disorders also influence conduct disorder.
Perhaps the clearest example of this comes from analyses of GABRA2. GABRA2 codes for the receptor for the central nervous system inhibitory neurotransmitter GABA A alpha-2 subunit. GABA A receptors are involved in the mesolimbic dopamine system (Enoch, 2008) , suggesting that GABRA2 is likely involved in a range of reward-related disinhibited behaviors that broadly reflect the inability to control one's impulses. GABRA2 was initially associated with adult alcohol dependence in multiple independent samples (Covault et al., 2004; Edenberg et al., 2004; Enoch et al., 2009; Zintzaras, 2012) , and has also shown association with drug dependence (Agrawal et al., 2006) . Analyses of 860 children and adolescents ascertained as part of the COGA study found association for GABRA2 SNP rs279871 with childhood conduct disorder symptoms . It was also associated with trajectories of behavior problems in the independent Child Development Sample (Dick et al., 2009) . Another GABRA2 SNP (rs9291283) was also associated with conduct disorder symptoms in participants from the Genetics of Antisocial Drug Dependence sample (Melroy et al., 2014) . Of note, rs279871 and rs9291283 are in linkage equilibrium (r 2 = 0.04) according to the CEU 1000 Genomes Phase I CEU reference panel. Thus, there may be more than one association signal for conduct disorder in GABRA2.
Although these findings provide proof of principle for the approach of carrying forward genes identified in GWAS of other externalizing disorders to test for association with conduct disorder, it should be noted that other attempts to replicate the association between GABRA2 and conduct disorder have produced inconsistent or null results. In a case-control sample of adolescents, GABRA2 SNP rs279871 was nominally associated with conduct disorder (n = 428, p = 0.02) (Sakai et al., 2010) ; however, the effect was in the opposite direction reported by Dick et al. (2006) and Sakai et al. (2010) . Furthermore, a broader family-based association test that included siblings and parents of adolescent patients and controls (n = 1582) found no evidence for association between rs279871 and conduct disorder (p = 0.48) (Sakai et al., 2010) . Finally, a series of six GABRA2 SNPs genotyped in COGA adolescent (n = 933) and young adult (n = 1191) offspring were not associated with conduct disorder clinical criteria, but several SNPs were associated with subclinical Achenbach externalizing behavior (Dick et al., 2013) .
Candidate genes in plausibly relevant biological systems
To date, the most common measured genetic design for conduct disorder has been to examine a single variant in a handful of "usual suspect" candidate genes that have a purported biological function, typically related to serotonin and dopaminergic pathways or the stress response. There are numerous examples of this approach for conduct disorder related outcomes, as recently reviewed in Veroude et al. (2015) . Although this approach is popular, it is problematic for a few reasons. First, history has shown that researchers have not been very good at identifying plausible candidate genes that confer risk for behavioral outcomes, and very few well-replicated associations have emerged from these hypothesized genes of interest (Bosker et al., 2011; Collins et al., 2012) . Exceptions to this include variants in the alcohol dehydrogenase (ADH) gene cluster and alcohol outcomes (Gelernter et al., 2013; Thomasson et al., 1991) and nicotinic receptor genes (CHRNA5-CHRNA3-CHRNB4) for smoking outcomes (Broms et al., 2012; Tobacco and Genetics Consortium, 2010) . Unlike alcohol and smoking behaviors, where there are concrete biological links to metabolism of the substance that may predispose some individuals to be more likely to develop alcohol or nicotine dependence, conduct disorder has highly probabilistic, but not absolute, links to particular neurobiological systems. Several candidate genes for conduct disorder have been proposed and examined (Veroude et al., 2015) . Owing to the growing concern over the replicability of candidate gene approaches for genetically complex traits and behaviors (Dick et al., 2015; Duncan and Keller, 2011) , here we chose to highlight three candidate genes (MAOA, SLC6A4, and AVPR1A) for which there is recent meta-analytic evidence for association with phenotypes related to conduct disorder (antisocial behavior and aggression).
The serotonergic system has been implicated in the neurobiology of aggression and antisocial behavior (Ficks and Waldman, 2014; van Goozen et al., 2007) , and thus genes implicated in the metabolism and availability of serotonin have emerged as plausible candidates for association. Two polymorphisms in serotonergic system genes, the monoamine oxidase-A promoter variable number of tandem repeats (MAOA-uVNTR in the MAOA gene) and serotonin transporter-linked polymorphic region (5-HTTLPR in the SLC6A4 gene), are among the most commonly studied candidates for behavioral outcomes (Gunter et al., 2010) . A meta-analysis found significant association between the MAOA-uVNTR low activity allele and aggressive or antisocial behavior (OR = 1.08) as well as association between the 5-HTTLPR short allele and aggressive or antisocial behavior (OR = 1.41) (Ficks and Waldman, 2014) .
Genes implicated in the neurobiology of social behavior or aggression have also been hypothesized as plausible candidates for conduct disorder related phenotypes. One example is the Arginine Vasopressin Receptor 1A (AVPR1A) gene, which codes for arginine vasopressin receptor 1A (AVPR1A) receptors in the brain and is associated with social behavior (Ebstein et al., 2010; Walum et al., 2012) . Of the 21 candidate genes across the serotonin, dopaminergic, adrenergic, and stress response systems that were tested as part the EAGLE Consortium's GWAS meta-analysis of childhood aggression (Pappa et al., 2015) , only AVPR1A had a gene-based P < 0.05 (P = 1.61 × 10 −3 ). Although this approach is intuitively appealing, selecting the relevant genes for social behavior phenotypes is challenging. In a systematic effort to identify relevant genes, ZhangJames and Faraone (2015) used the Online Mendelian Inheritance in Man (OMIM) catalog to identify 86 genes that harbor known rare variants associated with human disorders that have aggressive features. Although these genes await replication, this illustrates a novel use of validated rare, functional variants to guide gene identification efforts for conduct disorder.
Summary of gene identification efforts for conduct disorder
Gene identification efforts for conduct disorder are in their infancy. Although the linkage and association studies have identified a number of suggestive signals, the inconsistencies across the studies are noticeable. This reflects the inherent difficulties in identifying replicable genes and genetic variants associated with complex psychiatric and behavioral outcomes. There are many potential reasons for this difficulty, including small effect sizes, rigorous corrections for multiple testing of thousands and millions of genetic variants, and genetic heterogeneity. Furthermore, the sample sizes for the conduct disorder GWAS summarized here are relatively small compared to other areas of psychiatric and complex traits genetics, which impacts the power to detect small effects. The large sample sizes needed for gene identification efforts for psychiatric traits is illustrated most clearly in the area of schizophrenia research, where the most recent mega-analysis of 36,989 schizophrenia cases and 113,075 controls identified association with 108 loci (Schizophrenia Working Group of the Psychiatric Genomics, 2014).
Although hypothesis-free approaches have not yet yielded replicable associations for conduct disorder, there has been at least modest success in using hypothesis-driven approaches to identify association for conduct disorder related phenotypes. We cite these candidate gene associations here in view of the meta-analytic evidence supporting their association; however, even these should be interpreted cautiously, as only one (AVPR1A) was also detected in GWAS. However, it is worth noting that the landscape of psychiatric genetics is changing rapidly, and candidate gene approaches are generally not considered to reflect the state-of-the-science due to issues of replicability as well as new evidence from other areas of psychiatric genetics that the genes and gene networks likely to be relevant for behavioral outcomes may not be immediately obvious, such as the association between immune-related genes and schizophrenia that emerged through large scale GWAS (Schizophrenia Working Group of the Psychiatric Genomics, 2014).
Gene-environment interplay for conduct disorder
Thus far we have focused on the efforts to partition the variance in conduct disorder into genetic and environmental influences, as well as the methods for specifying which genetic variants, genes, and gene regions are likely to be associated. Of course, genetic predispositions for complex behavioral outcomes like conduct disorder are probabilistic rather than deterministic. In view of this, understanding how genetic predispositions and environmental factors come together is critically important, and has been a major research focus in the area of conduct disorder.
Gene-by-environment interaction (G × E)
In recent years, there has been a proliferation of interest in identifying the environments that alter the relationship between one's genetic predispositions and the likelihood that they will express conduct disorder (i.e., gene-by-environment interaction effects, or G × E). Thus, even an individual who has a high genetic loading for conduct problems may never go on to develop an actual disorder. Studies of twins have shown that the genetic influences on conduct disorder related phenotypes vary as a function of urbanrural residency (Legrand et al., 2008) ; peer deviance (Button et al., 2007) ; parent-child conflict (Burt and Klump, 2014) ; paternal drug dependence (Haber et al., 2010) ; and parental monitoring (Dick et al., 2007) . These twin studies of G × E demonstrate that genetic variance for conduct disorder differs across levels of the environment. And across many of these latent G × E analyses, one theme that has emerged is that genetic variance for conduct disorder is higher in less restrictive environments (e.g., those characterized by higher peer deviance, less parental monitoring, or urban residency), which is consistent with the social opportunity mechanism of G × E described by Shanahan and Hofer (2005) . The reverse also holds, such that genetic variance is minimized in more restrictive environments characterized by lower peer deviance, higher parental monitoring, or rural residency, which is consistent with the social control mechanism of G × E (Shanahan and Hofer, 2005) . In the time since Purcell (2002) popularized biometric models for probing latent G × E effects, others have raised concerns about Type I error and proposed alternative parameterizations (Rathouz et al., 2008; van der Sluis et al., 2012) . The robustness of G × E effects for conduct disorder related phenotypes to these alternative specifications has not been examined systematically.
There has also been a great deal of interest in delineating whether and how environmental factors moderate measured genetic predispositions for conduct disorder. In an early example of this, Caspi et al. (2002) showed that genetic variation in MAOA interacted with harsh physical discipline to predict antisocial behavior. Although there is much enthusiasm for this type of approach (Caspi and Moffitt, 2006) , the study of candidate gene-by-environment interaction (cG × E) in psychiatry has also been met with skepticism and criticism out of concern for Type I error (Duncan and Keller, 2011) , particularly in view of the difficulty in identifying genes and genetic variants associated with psychiatric outcomes such as conduct disorder (Dick et al., 2015) . There are many studies of cG × E for conduct disorder (Veroude et al., 2015) . However, given the controversy surrounding cG × E research and the concern for Type I error, we review here selected examples that have used a hypothesis-driven approach to select the environment, and that have built upon large-scale gene identification results to select the relevant genes/genetic variants.
Environments for which there are latent G × E effects offer promising avenues for follow-up with cG × E studies. In a few examples of this, findings coming out of the twin G × E literature were used to develop hypotheses about how the association between GABRA2 genotype and externalizing behavior might change as a function of parental monitoring and peer deviance. The logic of this approach is that if a significant G × E effect is detected using twin methodology, it must indicate that the environmental factor changes the association between most genetic variants and the outcome (assuming the outcome is influenced by a large number of small genetic effects). Consistent with what would be expected given the latent G × E literature, adolescents with more copies of the major allele for SNPs in the risk-increasing GABRA2 haplotype block were more likely to exhibit an elevated persistent trajectory of externalizing behavior if they also experienced less parental monitoring (Dick et al., 2009 ). Similarly, the association between GABRA2 genotype and externalizing behavior was stronger under conditions of high peer deviance and weaker under conditions of low peer deviance (Villafuerte et al., 2014) . These specific cG × E effects are in need of replication, and meta-analytic approaches that combine effect sizes across multiple studies would provide more conclusive evidence about interactions between parental monitoring, peer deviance, and GABRA2 for conduct disorder related outcomes. Still, it is encouraging that the pattern is similar to what would be expected given previous latent G × E results as well as theory about how certain social contexts may constrain or amplify genetic differences.
More recently, many G × E studies for conduct disorder are framed within a differential susceptibility or vantage sensitivity framework. The differential susceptibility framework posits that particular genotypes may confer risk in a negative/risky environment, but may also be associated with especially good outcomes in a positive/protective environment (Belsky et al., 2009 ). Relatedly, the vantage sensitivity framework posits that particular genotypes may confer heightened responsivity to positive environments (Pluess and Belsky, 2013) . A recent meta-analysis of twelve studies of externalizing behavior showed that carriers of putative susceptibility loci across a number of "usual suspect" genes were more responsive to a family-based intervention compared to non-carriers (Bakermans-Kranenburg and van Ijzendoorn, 2015) . Further exploration of this area is warranted, particularly by expanding beyond a classic candidate gene approach. Considering our poor record of selecting genes with effects on complex behavioral outcomes, it may be overly optimistic to think we will be better at guessing genes involved in environmental sensitivity.
Gene-by-environment correlation (rGE)
Several of the environmental factors that have been examined in G × E studies for conduct disorder (e.g., parenting, deviant peer affiliations), as well as other known risk factors for poor behavioral and emotional health outcomes in general are also genetically influenced to some degree (Kendler and Baker, 2007; McAdams et al., 2013) . This raises the possibility that one's genetic predisposition for conduct disorder may be correlated with environmental exposures for conduct disorder through the process of gene-byenvironment correlation (rGE). There are multiple mechanisms that may result in a correlation between an individual's genotype and environment, including evocative gene-environment correlation (where an individual's heritable behavior elicits a particular environmental response); active gene-environment correlation (where an individual's genetic predispositions lead them to seek out particular environments), and passive gene-environment correlation (where the type of environment provided to a child is correlated by his/her inherited genotype because biological parents provide both genetic material and a rearing environment for their offspring) (Scarr and McCartney, 1983) . With respect to conduct disorder, there is retrospective longitudinal evidence that males select into peer groups whose level of deviance are consistent with their own genetic predispositions for conduct disorder (Kendler et al., 2008) . Thus, individuals who are at greater genetic risk for developing conduct disorder also select into environments that further increase their risk.
Epigenetics
Epigenetics generally refers to modifications of the genome that do not involve a change in nucleotide sequence; rather, epigenetic changes involve chemical modifications to the DNA that impact the likelihood that a particular gene will be "turned on or off". These patterns of activation and inactivation across the genome have been suggested as biological mechanisms that may underlie some forms of gene-environment interplay (El-Sayed et al., 2013) . Environmental factors can induce epigenetic changes. In the example likely to be most familiar to readers, maternal licking and grooming of rat pups induces changes in genes related to the stress response (Meaney and Szyf, 2005) . In this sense, epigenetic changes can be thought of as one way that environmental experiences get "under the skin" to influence subsequent behavioral outcomes. Epigenetics complements studies of latent and measured G × E-which provide evidence of a statistical interaction-to provide a biologically plausible mechanism for G × E (Tremblay, 2008) .
Methylation studies of conduct disorder-related outcomes to date have focused on cytokine genes and their regulators (Provencal et al., 2013) , and the oxytocin receptor (OXTR) gene (Dadds et al., 2014) , which show differential patterns of methylation as a function of physical aggression and callous-unemotional traits. In an effort to directly link environmental exposures with one of these methylation profiles, Cecil et al. (2014) found that prenatal risk factors such as maternal psychopathology, criminal behavior, and substance use predicted higher levels of methylation in/around the oxytocin receptor (OXTR) gene at birth in a subsample from the Avon Longitudinal Study of Parents and Children. In turn, methylation of OXTR was associated with higher levels of callousunemotional traits in adolescence (Cecil et al., 2014) , which define a subtype of conduct disorder (Blair et al., 2014; Frick and Ellis, 1999) . The study of epigenetics for conduct disorder-related outcomes is an emerging area of research that is likely to expand, and these preliminary findings should be interpreted keeping in mind that many of the concerns related to testing cG × E (e.g., selection of the gene, selection of the environment, and Type I error) are also relevant when considering epigenetic changes. An additional con-cern is distinguishing among the possibilities that methylation of a particular gene is the cause, consequence, or correlate of disorder. Answering these questions will require converging evidence across longitudinal and quasi-causal designs.
Conclusion and future directions
In this review, we have provided a summary of the genetic influences on conduct disorder, including the genetic epidemiology of conduct disorder, attempts to identify specific predisposing genes, and efforts to understand gene-environment interplay. Twin studies of conduct disorder and antisocial behavior consistently show that at least some of the risk for these outcomes is attributable to genetic factors. Importantly, however, these genetic predispositions have only a probabilistic relation to subsequent conduct disorder, and environmental factors can be correlated with and moderate these genetic predispositions. Attempts to identify the measured genetic variants associated with conduct disorder using hypothesis-free and hypothesis-driven approaches have had limited success to date, although there is evidence for association between conduct disorder related phenotypes and GABRA2, MAOA, SLC6A4, and AVPR1A across independent samples. This limited success is not surprising in view of difficulty of gene identification efforts for psychiatric and complex traits more generally. However, it has raised concerns about the replicability of cG × E effects.
The landscape of complex trait genetics is changing rapidly, and we are optimistic that over the next few years there will be further gains in the field's understanding of the genes implicated in conduct disorder, as well as how environmental factors interface with this risk through G × E, rGE, and epigenetic processes. We offer a few suggestions on potential ways forward for this area of research. First, the Diagnostic and Statistical Manual was developed as a clinical tool, and accordingly, separates externalizing disorders into distinct clinical diagnoses. However, the results from multiple twin studies indicate that there is a common genetic etiology across externalizing spectrum disorders (Kendler et al., 2003; Krueger et al., 2002; Slutske et al., 1998; Young et al., 2000) . This suggests that there remains a great deal of leverage to be gained through gene identification efforts that combine phenotypes across the externalizing spectrum, as illustrated in Dick et al. (2008) . Relatedly, forthcoming results from the substance use workgroup of the Psychiatric Genomics Consortium's analyses of nicotine, cannabis, cocaine, opioid, alcohol, and other substances will likely produce several candidates worth following up for association with conduct disorder.
Second, in the absence of highly significant genetic associations for conduct disorder, and in view of the fact that it is a genetically complex trait, we encourage the use of polygenic scores in measured genetic studies of rGE and G × E (Wray et al., 2014) . Polygenic approaches consider the weighted effects of SNPs across the genome, and thus characterize aggregate genetic risk in a way that is consistent with our understanding that many variants of small effect are likely to contribute to conduct disorder. A particular benefit of this approach is that it avoids the Type I error concerns associated with single variant/single gene cG × E approaches since the genetic effects are tested in aggregate. Typically, the results from large scale meta-or mega-analyses are used to create weighted linear combinations that reflect the degree to which an individual carries alleles that predispose him/her to conduct disorder. Thus, high polygenic scores indicate that an individual has a greater genetic predisposition to conduct disorder, and lower polygenic scores indicate that an individual has a lower genetic predisposition to conduct disorder. These scores can be carried forward into tests of rGE and G × E.
Third, the ability to summarize aggregate genetic risk in a meaningful way opens up more opportunities for developmental psychologists and neuroscientists to use the theories and tools of their fields to more carefully delineate the mechanisms of risk going from genes to brain to behavior, and in conjunction with the environment. The falling cost of genome-wide genotyping arrays that cover both common and rare genetic variation (currently <100 USD) means that it is now financially feasible to collect genotypic data on samples for which there are detailed longitudinal developmental data. This permits examination of important process-oriented questions about the biological and psychological mechanisms through which genetic risk has its effect on genotype (e.g., through deficits in social information processing or structural or functional brain differences; Crick and Dodge, 1994; Huebner et al., 2008) . Although a precision medicine approach for psychiatric disorders has yet to be realized (Collins and Varmus, 2015) , identifying these mechanisms may provide critical insights about how to best implement prevention and intervention efforts so that the right people are intervened with at the right time.
Fourth, genetically informed data can be leveraged to test causal hypotheses about purported risk factors for conduct disorder. Although our review has primarily focused on how genetic and environmental risk factors come together to predict conduct disorder, it is also important to note that genetically informed designs can also be used to test competing hypotheses about causation versus correlation due to confounding familial factors (D'Onofrio et al., 2013) . Testing causal hypotheses about risk factors is central to identifying the appropriate targets for conduct disorder intervention and prevention efforts, and ultimately reducing the burden of these behaviors on individuals and societies. For example, if the association between OXTR methylation at birth and callous-unemotional traits in adolescence (Cecil et al., 2014 ) is causal, environmental interventions aimed at changing methylation patterns (e.g., through exercise, pharmaceutical intervention, or other manipulations) may be reasonable. The power of quasi-causal designs comes from comparison of sibling pairs who are discordant on a factor of interest. Under a causal model, if the risk factor has a causal impact on the phenotype, the exposed sibling would have a higher rate of conduct disorder compared to the non-exposed sibling. Under a non-causal model, where the risk factor is confounded by familial factors (genetic or environmental), the exposed sibling and the unexposed sibling would show similar rates of conduct disorder. Accordingly, genetically informed designs can give important insights about the risk factors to prioritize in prevention and intervention efforts.
In summary, a rich history of research suggests that a complex matrix of genetic and environmental factors contribute to conduct disorder. As behavior genetic research on conduct disorder expands beyond studies of heritability, the importance of characterizing the probabilistic and interdependent influences of genetic predispositions and environmental risk factors to better understand the mechanisms of risk from genes to behavior is becoming increasingly clear. This enhanced etiological understanding will inform the ultimate goal of developing effective interventions for this socially and personally costly disorder.
